One condition in which the dosage of imprinted genes important for normal mammalian development. Here, is perturbed is UPD, defined as the presence, in a diploid we show that an endocrine/paracrine pathway involvindividual, of both homologs of one chromosome pair ing thyroid hormone metabolism is also regulated by from only one parent [7]. Patients with maternal UPD for imprinting. Thyroid hormone action depends on thychromosome 14 (mUPD14) exhibit growth retardation, roid hormone receptors and their predominant ligand, developmental delay, and precocious puberty, while pa-3,5,3-triiodothyronine (T3). In vivo, thyroid hormone ternal UPD14 (pUPD14) causes skeletal defects and levels are maintained within the physiological range mental retardation [8] . Some of these defects are consisthrough the interaction of three iodothyronine deioditent with the phenotypes described for the mUPD12 and nases, D1, D2, and D3. D3 inactivates thyroxine (T4) pUPD12 mice [9] . The mouse Dio3 gene on chromosome and T3 by 5-deiodination, and the gene for this enzyme, 12 was thus analyzed as a candidate for imprinting with Dio3, lies in the imprinted domain on human chromothe potential to contribute to the UPD12 phenotypes some 14q32/distal mouse chromosome 12. Here, we through its regulation of thyroid hormones. report the imprinting of Dio3, which is expressed prefIn mice, the coding region and known 5Ј-UTR and erentially from the paternal allele. No differentially 3Ј-UTR of Dio3 are contained within a single exon enmethylated region was identified in the CpG-island compassing 1853 nucleotides. Sequence analysis repromoter, which is completely unmethylated. Localvealed that the region spanning the promoter and one ization of transcripts suggests that Dio3 may be exthird of the exon is a CpG island ( Figure 1A) . Northern erting its function in both endocrine and autocrine/ blots using RNA isolated from embryonic day 15.5 paracrine manners. An assay was developed for T3, (E15.5) normal, mUPD12, and pUPD12 conceptuses and we show that its levels in maternal and paternal were probed with D3 ( Figure 2A ). Dio3 was expressed in uniparental disomy (UPD) 12 fetuses are reciprocally pUPD12 embryos and placentas at a level approximately affected. These results demonstrate that disruption of twice that seen in normal embryos and placentas, and the imprinting status of Dio3 results in abnormal thyit was significantly reduced to only half of the normal roid hormone levels and may contribute to the phenolevel in mUPD12, suggesting that this gene is imprinted. typic abnormalities in UPD12 mice and UPD14 humans.
plification reaction proceeded in an exponential manner
To determine whether the imprinting of Dio3 is associated with allele-specific methylation, DNA from UPD12 until 35-40 cycles of PCR and then reached the plateau phase (data not shown). Therefore, 32 cycles were used conceptuses was digested with methylation-sensitive restriction enzymes. Systematic analysis of all the Hin6I for semiquantification. The RT-PCR products from the F1 tissues were digested with TaqI and then separated and HpaII sites in the gene and its promoter revealed no differentially methylated region in either the embryo on a 4% low-melting point (LMP) agarose gel ( Figure  2C ). The relative amount of the 97-bp diagnostic band or placenta ( Figure 1C) . Most of the Hin6I and HpaII sites were completely unmethylated, including those in the to the internal control band was measured by densitometry. The internal control band is representative of both promoter region, which is a CpG island ( Figure 1D , probe D1). parental alleles, while the diagnostic band is seen only in the JF1 allele. The diagnostic band is evident in the D3 enzyme activity has been shown to be present in the head, skin, limb, liver, and intestine in the fetal rat F1 embryo from the B6 female ϫ JF1 male cross and is virtually absent in the F1 embryo from the JF1 [10] . To further characterize Dio3 expression in tissues and to assess whether the imprinting of Dio3 was associfemale ϫ B6 male cross, indicating that Dio3 is imprinted and expressed preferentially from the paternal allele in ated with the phenotypes seen in UPD12 mice, in situ hybridization was performed on whole mouse embryos the embryo. In the placenta, approximately 33% of Dio3 expression came from the maternal allele. This may be and placentas at E15.5. Figure 3 shows the distribution of the Dio3 transcript in saggital sections of normal E15.5 due to relaxation of its imprinting in the placenta or to contamination with maternal tissue, as Dio3 is exembryos. Dio3 transcripts are localized selectively to a few areas of the head and body. In Figure 3A , strong pressed in the maternal decidua in the rat [10] .
to the skeletal muscle in the tongue, the skeletal muscle around the digits also expressed Dio3 ( Figure 3E, [e] ). It is known that thyroid hormones and their receptors are involved in the maturation of cardiac and skeletal muscles [12] [13] [14] . Therefore, disruption of Dio3 imprinting in the skeletal muscles may be associated with the reciprocal defects in myofiber maturation observed in maternal and paternal UPD12 mice [9] . Furthermore, we found that Dio3 was expressed in the mesenchyme of the frontal region, upper lip, and lower jaw ( Figure  3B, [b] and [c] ). The mesenchyme of the tadpole has been reported to induce metamorphic tissue remodelling under the influence of thyroid hormones [15] ; however, the function of Dio3 in the mammalian mesenchyme is not known. Its potential role in the development of the upper lip may be reflected in the reciprocally abnormal philtrum length seen in mUPD14 and pUPD14 patients [8] . No specific signal was detected in the intestine or kidney; however, the liver seemed to show a general enhancement of the Dio3 signal, and strong expression was evident in the gut mesentery ( Figure  3D, [d] ). In the placenta, Dio3 was expressed within the nonendothelial cells of the labyrinthine trophoblast (data not shown). It is notable that the trophoblasts in mUPD12 also expressed Dio3, though at a lower level. Further analysis will determine the precise role of Dio3 in the placenta. In summary, Dio3 was not predominantly ex- collected by cardiac puncture, and serum total T3 concentrations were determined using a competitive ELISA kit (Alpha Diagnostic). At E15.5, pUPD12 embryos had labeling can be observed in the palate and tongue. It is significantly lower levels compared with normal and suggested that adequate levels of thyroid hormones are mUPD12 embryos (246.39 versus 316.97 and 339.82 ng/ required for normal palatal development from studies dL, respectively), which is consistent with an increase in which coadministration of thyroid hormones with in functional Dio3. These values were normalized to em-2,3,7,8-tetrachlorodibenzo-p-dioxin was shown to inbryonic mass because mUPD12 fetuses exhibit severe growth retardation [9] (Figure 4) . A reciprocal pattern of crease the incidence of a cleft palate [11] . In addition regulation is noted. mUPD12 embryos had significantly hormone levels. This may explain the skeletal abnormalities described for pUPD12 mice [9] , as disrupted utilizahigher T3 levels than normal embryos, while pUPD12 embryos had lower levels at both E15.5 and E18.5. These tion of thyroid hormones has been shown to retard growth and bone maturation [24] . As high circulating T3 data indicate that the differential expression of Dio3 in UPD12 conceptuses has perturbed circulating thyroid levels could be detrimental to immature tissues [25] , the reciprocally regulated thyroid hormone levels in imprinted and expressed preferentially from the paternal allele. Disruption of Dio3 dosage has resulted in abnormUPD12 and pUPD12 embryos described here seem to be consistent with the "genomic conflict" theory, which mal thyroid hormone levels, which likely contribute to UPD12/14 phenotypes in mouse and man. Dio3 is therepredicts that imprinted genes that increase the fitness of the progeny are expressed from paternally derived fore a protein-coding imprinted gene in the Dlk1-Gtl2 imprinted cluster and extends the imprinted domain by chromosomes [26] . In this case, this is of further interest if the Dio3 allele expressed from the paternally derived several hundred kilobases. This cluster contains multiple non-coding RNA species [32], including a cluster of chromosome is regulating the supply of maternal levels of thyroid hormones to the fetus. small nucleolar RNAs [33] , and these are all expressed from the maternally derived chromosome. Dio3 imPrecocious puberty is one of the most consistent phenotypes associated with mUPD14; all five of the printing does not appear to be regulated by short-range cis-acting differential methylation at its CpG-island promUPD14 patients that were old enough to be assessed underwent precocious puberty [8] . Puberty is a process moter. Further studies will determine the mechanism of Dio3 imprinting in this large imprinted cluster. leading to physical and sexual maturation that involves the development of secondary sexual characteristics
